ABSTRACT. Heterosis is a highly relevant phenomenon in plant breeding. This condition is usually established in hybrids derived from crosses of highly divergent parents. The success of a breeder in obtaining heterosis is directly related to the correct identification of genetically contrasting parents. Currently, the diallel cross is the most commonly used methodology to detect contrasting parents; however, it is a time-and cost-consuming procedure. Therefore, new tools capable of performing this task quickly and accurately are required. Thus, the purpose of this study was to estimate the genetic divergence in industrial tomato lines, based on agronomic traits, and to compare with estimates obtained using inter-simple sequence repeat (ISSR) molecular markers. The genetic divergence among 10 industrial tomato lines, based on nine morphological characters and 12 ISSR primers was analyzed. For data analysis, Pearson and Spearman correlation coefficients were calculated between the genetic dissimilarity measures estimated by Mahalanobis distance and Jaccard's coefficient of genetic dissimilarity from the heterosis estimates, combining ability, and means of important traits of industrial tomato. The ISSR markers efficiently detected contrasting parents for hybrid production in tomato. Parent RVTD-08 was indicated as the most divergent, both by molecular and morphological markers, that positively contributed to increased heterosis and by the specific combining ability in the crosses in which it participated. The genetic dissimilarity estimated by ISSR molecular markers aided the identification of the best hybrids of the experiment in terms of total fruit yield, pulp yield, and soluble solids content.
INTRODUCTION
Tomato (Solanum lycopersicum L.) is an autogamous plant from which hybrids can be derived, ensuring a series of quantitative and qualitative benefits for producers and consumers (Santos et al., 2011) . Currently, hybrid cultivars are planted on virtually the entire acreage of industrial tomato in Brazil (Vilela et al., 2012) . This stimulates public and private breeding programs to seek hybrids with good performance and fruit quality, to meet the growers' demand (Melo et al., 2009) .
Divergent parents are expected to share few alleles and to have high allelic complementarity when combined, restoring the hybrid vigor, which is expressed in heterosis (Cruz et al., 2011) . Predictive techniques based on multivariate statistical procedures can estimate the genetic distance between parents, assisting the breeder in the definition of crosses between the most divergent parents by increasing the chances of developing a high-yielding hybrid in less time (Oliveira et al., 1998; Moreira et al., 2005; Gonçalves et al., 2008 , Rocha et al., 2010 Reddy et al., 2013 , Mattedi et al., 2014 .
Quantitative agronomic traits are phenotypic markers widely used in genetic divergence studies (Morales et al., 2011a) with the advantage of being directly linked to the coding regions of the genome aside from the low acquisition cost (Gonçalves et al., 2008) . However, environmental influences and the need to evaluate some variables in the adult plant stage are the main disadvantages of this marker group, hampering their use. On the other hand, the polymorphism observed at the molecular level can provide estimates of genetic divergence based on a direct analysis of DNA. Among the series of DNA molecular markers, the intersimple sequence repeat (ISSR) markers are particularly noteworthy, and are based on the SSR polymorphisms (Morales et al., 2011a) . These markers use primers from 16 to 25 bp with "di" or "tri" nucleotide sequences, at high annealing temperature that can amplify bands of 100 to 3000 bp by polymerase chain reaction (PCR), with high reproducibility; thus, these markers are reliable in genetic divergence studies (Aguilera et al., 2011) .
Few previous studies have tested the use of estimates of genetic divergence among tomato parents as an orientation for crosses (Maluf et al., 1983; Mulge et al., 2012) . Thus, the purpose of this study was to estimate the genetic divergence among industrial tomato lines, based on agronomic and ISSR molecular markers, to establish estimates of heterosis, means, and combining ability of the hybrids derived from diallel crosses.
MATERIAL AND METHODS

Lines and crosses
Ten lines of industrial tomato (RVTD-01, RVTD-02, RVTD-03, RVTD-04, RVTD-05, RVTD-06, RVTD-07, RVTD-08, RVTD-09, and RVTD-10) and 45 single-cross experimental hybrids derived from crosses among them, were evaluated in the field, in a complete block design with randomized treatments and three replications, in the horticulture sector of the Research Center for Vegetables of Universidade Estadual do Centro-Oeste, Guarapuava, PR, Brazil. A detailed description with the main traits of the lines used in the experiment is given in Table 1 . Each experimental unit consisted of two planting rows, spaced 1.20 m apart, with nine plants per row, spaced 0.35 m apart. The two tomato plants at either end were excluded from the analysis, so that the evaluated experimental area was 5.46 m 2 . SC = Santa Cruz fruit; IT = Italiano fruit; SL = Saladete fruit; Am = yellow/orange color fruit; VC = light red color fruit; VI = dark red fruit. 
Analysis of morphological characters
Nine quantitative variables were selected based on multicollinearity diagnosis for the study of genetic diversity: total fruit yield (TY, in t/ha), fruit length (FL, in cm), diameter of the stalk scar (DSS, cm), total soluble solids content (SS, °Brix, measured using a digital refractometer); fruit firmness [FF, mean value of the force (N) required to penetrate the tomato fruit skin, measured by a fixed digital penetrometer]; titratable acidity (TA); vitamin C content (VC, mg ascorbic acid per 100 g pulp), phenolic compounds (mg gallic acid per 100 g pulp), and pH (mean hydrogenionic potential measured with a digital pH meter).
The genetic diversity between lines (based on agronomic variables) was determined by a multivariate technique called cluster analysis using the Tocher's optimization method, described by Cruz et al. (2012) . Initially, the generalized Mahalanobis ( 2 ' ii D ) distance, which is a dissimilarity measure between lines, was estimated. Based on this set of distances, the lines were clustered into groups. The analysis procedure adopts the criterion that the mean intragroup distance is lower than any intergroup distance. The maximum mean intra-group distance was set as the maximum 2 ' ii D value obtained in the set of shortest distances involving all lines. Additionally, the diversity between lines was assessed in scatter plots, using the scores of the first two canonical variables, as described by Cruz et al. (2012) . At the same time, the relative importance of the variables to investigate the genetic diversity was estimated by the methodology proposed by Singh (1981) .
Molecular analysis
To estimate the genetic dissimilarity of lines based on molecular data, 10 industrial tomato lines were sown in polystyrene trays to obtain plant material for DNA extraction. The 15-cm high seedlings were cut and ground in liquid nitrogen for DNA extraction. For this procedure, about 100 mg ground leaf tissue was transferred to tubes containing 2.0 mL extraction buffer. The buffer and procedures for DNA extraction were performed as described by Sharma et al. (2008) . DNA was quantified on 0.8% agarose gels (w/v) by electrophoresis at 100 V for 40 min. The DNA concentration was determined by comparison with a standard DNA of known concentration.
The DNA of the lines used as parents in the diallel was amplified by PCR using 12 ISSR primers. The PCR was prepared as follows: 40 ng genomic DNA, 1X PCR buffer, 1.5 mM MgCl 2 , 200 µM dATP, 200 µM dTTP, 200 µM dCTP, and 200 µM dGTP, 10 mmol primer, 1 U Taq DNA polymerase, and water to a volume of 12.5 µL. For amplification, the thermal cycler was programmed for an initial 5-min cycle at 95°C for DNA denaturation, followed by 35 cycles at 94°C for 30 s, primer annealing temperature for 45 s (Table 5) , and 72°C for 2 min. At the end of 35 cycles, a final extension step was performed at 72°C for 7 min. The PCR products were resolved on 3% agarose gels and stained with ethidium bromide.
Only primers with a good resolution pattern of the amplified products were used. The plants were genotyped for the presence (1) or absence (0) of bands and a binary matrix was constructed from these data. The percentage of polymorphism of each ISSR primer was calculated as the ratio between the total number of polymorphic fragments divided by the total number of amplified fragments. The genetic dissimilarity between plants was measured by the Jaccard coefficient and the dissimilarity dendrogram between plants was constructed using the unweighted pair group method with arithmetic mean (UPGMA). The reliability of the nodes of the dendrogram was obtained by bootstrap resampling, with 1000 iterations. To determine the cut point in the genetic divergence dendrogram, the method proposed by Mojena (1977) was used for the calculation, by the expression
where k θ is the cutoff of the dendrogram, and α and ˆα σ are the mean and standard deviations of the distances corresponding to stage j, and K is a constant of 1.25, as described by Cruz et al. (2011) . To test the efficiency of the clustering method, the cophenetic correlation coefficient was calculated.
Correlations
A study of correlations (Pearson and Spearman) of the genetic distances between the ten lines ( 2 ' ii D and Jaccard) with estimates of heterosis (based on the mean of the parents), specific combining ability, and the mean observed for the variables in TY, (in t/ha), pulp yield (PY, t/ha), and SS (°Brix). To prove the existence of a correlation between the genetic dissimilarity matrices obtained by ISSR molecular markers and agronomic variables, the Mantel t-test (P ≤ 0.05) was performed. The statistical and genetic analyses were performed using the software Genes (Cruz, 2013) .
RESULTS AND DISCUSSION
Morphological markers
In genetic divergence studies, the phenotypic traits used should be neither redundant (correlated) nor invariant (no variation between genotypes), so that the variables considered would represent the fundamental structure of the biological system under study. Thus, in genetic divergence studies, the criterion of choice of quantitative traits was the significance of treatment effects (lines) in analysis of variance (P ≤ 0.05) and a low multicollinearity between the selected response variables. Multicollinearity is defined as the degree to which any variable effect can be predicted or explained by other variables as a basic assumption of the cluster analysis, and can prevent erroneous analysis results, when duly exploited (Cargnelutti Filho et al., 2009 ). The end value of multicollinearity observed for these nine characteristics was considered low (72.64), validating the cluster analysis performed later (Cruz et al., 2011) .
The relative contribution of the agronomic variables and quality of tomato fruits to the study of genetic divergence was evaluated by the method proposed by Singh (1981) (Figure  1 ). The variables pH and TA of the fruits contributed with 61.84 and 13.12% of the genetic variability among accessions, respectively, and together accounted for approximately 75% of the total genetic variability, highlighting the important role of these variables in genetic diversity studies of tomato. Relative importance of agronomic characteristics and qualities postharvest to the study of genetic divergence in industrial tomato, according to the methodology of Singh (1981) . TY = total productivity of fruits; LF = length of fruit; DSS = diameter of the stalk scar; SS = soluble solids; FF = fruits firmness; TA = titratable acidity; VC = vitamin C; PC = phenolic compounds and pH of pulp.
The importance of the variables in the study of genetic divergence is also indicated by the magnitude of the weighting coefficient from the last canonical variables; the traits with highest magnitude should be excluded in future studies (Cruz et al., 2011) . Thus, considering the weights for the last two canonical variables, it is observed that the variable FF (VC 9 and weighting coefficient 0.991) and DSS (VC 8 and weighting coefficient 0.959) should be excluded in future studies (Table 2 ). However, it is noteworthy that the same variables (DSS and FF) were also indicated by the Singh method (1981) as those that contributed least to the study of genetic diversity, and should be excluded from future studies of genetic diversity in tomato. Figure 2 shows the results of cluster analysis by the Tocher's method, based on Mahalanobis generalized distances ( 2 ' ii D ) and the graphic dispersion of the genotypes, based on the first two canonical variables (Table 2 ). In general, the interpretation of genetic diversity by grouping and by dispersion in coordinate systems was coincident. Thus, this agreement of results is linked to the fact that the first two canonical variables accumulated 86.13% of the total available variation between lines (66.02% is related to the first canonical variable and the other 20.11% to the second canonical variable), thereby validating the study of genetic divergence in tomato lines by Cartesian projection, using the first two canonical variables (Table 2) . TY = total productivity of fruits; LF = length of fruit; DSS = diameter of the stalk scar; SS = soluble solids; FF = fruits firmness; TA = acidity titratable; VC = vitamin C; PC = phenolic compounds; and pH of pulp. According to the Tocher's optimization method, plants of the same group are more homogeneous than plants of different groups, while, according to the chart diagram, plants at short distances are less dissimilar than those spaced far apart. Tocher's clustering formed six groups (Figure 2 ): group 1 with genotypes RVTD I-04, RVTD-07 and RVTD-09 [lines with Italian tomato (saladete), with a light red and intense color, 120-day cycle] (Table 1) . Group II consists only of parents RVTD-01 and RVTD-05 (lines with Santa Cruz and Italian fruits, 122-day cycle, relatively low yield, with high levels of mesocarp thickness). RVTD-01 produced fruits with highest mean weight, but orange-colored, hampering their use in industrial tomato breeding programs (Table  1) . Group III contains genotypes RVTD-02 and RVTD-06 (both lines with Santa Cruz fruits, 120-day cycle, SS content above 4.0 °Brix and a thick mesocarp). Groups IV, V and VI consisted, respectively, of the parents RVTD-08, RVTD-10 and RVTD-03 (Table 1) .
The mean for 2 ' ii D between the lines was 1393.40, varying from 171.83 in the parent pair RVTD-04 and RVTD-09 up to 4185.90 between the parents RVTD-04 and RVTD-08 (Table 3) . Line RVTD-08 was grouped in a separate group from the other genotypes, as a result of the considerable higher genetic dissimilarity of this than of the other parents ( Figure  2 ). Line RVTD-08 has a cycle of around 121 days, Italian fruit type, and two to three loci of intense red color, mesocarp thickness of 7.97 mm, and a good SS content (4.66 °Brix). ' ii D and heterosis, specific combining ability, and mean of the variables TY and PY, indicating that the 2 ' ii D estimates cannot be used directly to choose the parents to be combined to obtain high-yielding and heterotic hybrids (Table 4) . On the other hand, for the variable SS, low, but significant (P ≤ 0.05) Pearson and Spearman correlation coefficients were observed between the 2 ' ii D and two parents, and the observed mean in their respective hybrids ( Table 4 ), indicating that hybrids with the highest mean SS were the result of the combination of genetically divergent parents, making 2 ' ii D a good choice for the orientation of the most promising crosses, facilitating the procedure in developing industrial tomato hybrids with a high SS content of the raw material.
Several studies have investigated the use of D is based on quantitative (discrete and continuous) and qualitative (multicategoric) variables obtained in experiments. Therefore, they are susceptible to environmental influences on phenotypic expression (Morales et al., 2011b) , which hinders its use in some cases, and is the reason for the low correlation coefficients in most studies (Gonçalves et al., 2008) . *Significant by F test (P ≤ 0.05). Genetic diversity is an imperative prerequisite for heterosis, but not necessarily sufficient to ensure it, since heterosis depends not only on differences in allele frequencies, but also on dominance and epistatic interactions (Oliboni et al., 2012) . However, in an attempt to explain this absence of correlation, one hypothesis would be that in the case of quantitative traits such as TY and PY, cases of bi-directional dominance could occur, i.e., some loci are dominant in one direction and others in the opposite direction.
Positive and highly significant (P ≤ 0.01) correlation coefficients were observed for both Pearson and by Spearman, between mean and heterosis, medium and specific combining ability and heterosis, and specific combining ability, indicating that the hybrids with highest phenotypic values for the variables TY, PY and SS were obtained from hybrid combinations with high heterosis and specific combining ability. Consequently, hybrids with higher heterosis were derived from hybrid combinations with higher specific combining ability. Estimates of heterosis and specific combining ability are closely interrelated genetic parameters, because both depend on genes with non-additive effects.
Molecular markers
Eight of the 12 ISSR primers had high-quality amplification products and polymorphisms (Table 5 ). The primers UBC-861, UBC-864, UBC-873, and UBC-878 were excluded from the analysis because of the insufficient amplification quality and/or for being monomorphic. The eight ISSR primers amplified 74 bands, of which 21 were polymorphic (Table 5) . Each primer amplified in the mean 9.25 bands, of which 2.62 were polymorphic (Table 5 ). The mean polymorphism of the primers was 27.62%, and the sizes of the amplified bands ranged from 240 to 1800 bp (Table 5) . Table 5 . Primer ISSR, base sequence 5'-3', temperature of annealing (TA), number of amplified bands (NTB), number of polymorphism bands (NBP), polymorphism percentage, and gap of band size (TB). Terzopoulos and Bebeli (2008) evaluated the genetic divergence in 41 broad-based tomato accessions (landrace cultivars and wild accessions), and obtained 57.8% polymorphic bands of 102 bands, amplified with a mean of 4.9 polymorphic bands per primer. These authors concluded that ISSR markers are an excellent tool to analyze genetic diversity in tomato, and are helpful in choosing parents in breeding programs. Aguilera et al. (2011) evaluated 10 ISSR primers in 96 tomato accessions and observed similar results as in this study, with 36.80% polymorphic bands of a total of 144 amplified bands. In addition, Ray (2010) concluded that ISSR markers in tomato can generate a high degree of polymorphism; in his study, the polymorphism of 12 ISSR primers in 6 tomato varieties was 56%. The reason that our results are below those reported in the literature can be the magnitude of the genetic basis of genotypes. The above studies assessed a germplasm with a broad genetic base, whereas the lines evaluated in our experiment have a high degree of homozygosity and narrow genetic basis, which is a common characteristic of the Brazilian tomato cultivars (Gonçalves et al., 2008; Melo et al., 2009) .
The most polymorphic primers in this study were 807 (AG) 8 T, 810 (GA) 8 T, and 808 (AG) 8 C (AG) 8 C, with 55, 45, and 40% polymorphism, respectively (Table 5) . Aguilera et al. (2011) also indicated primer 810 (GA) 8 T as the most polymorphic, with 45% amplified polymorphic bands. These authors explain that the high polymorphism of primer 810 (GA) 8 T in tomato accessions was due to the specific sequence of guanine and adenine bases of this primer.
The mean genetic dissimilarity between the industrial tomato lines estimated by the Jaccard coefficient by means of ISSR markers was 63.70%, ranging from 22.22% between the parents RVTD-06 x RVTD-10 to 94.12% between RVTD-08 and RVTD-09 (Table 3) .
The cophenetic correlation coefficient (r) obtained with Jaccard's genetic distance of dissimilarity was 0.84** and the t-value of 10.45 (P ≤ 0.01) suggested an excellent fit between the graphical representation of the distances and their original matrix (Figure 3) . The consistency of the dendrogram branches reflects the genetic divergence among accessions assigned to a particular group in the dendrogram, indicating that the groups actually contain the most similar genotypes. This information is extremely important for breeding, since the most similar genotypes are generally not used in crosses because production of plants with high heterosis cannot be expected from parents that are genetically very closely related. As a rule, a branch is considered consistent in a cluster analysis, if the Bootstrap value exceeds 50%. Therefore, in this study, the clusters related to parents and RVTD-04 with RVTD-07 (40.3%) are considered inconsistent, while the other nodes are regarded as reliable enough for the cluster analysis, i.e., moving the loci, these groups are necessarily reproduced (Figure 3) . The cutoff point obtained according to Mojena (1977) was 0.74, dividing the dendrogram into two groups (Figure 3 ). Line RVTD-08 was isolated in group I, and indicated as the most divergent line of this study (Figure 3) , with genetic dissimilarity values ranging from 66.67% with parent RVTD-06, to 94.12% when combined with line RVTD-09 (Table  3 ). According to both agronomic traits and ISSR markers, line RVTD-08 was allocated in a separate group from the other genotypes, as a result of the considerable genetic dissimilarity of this parent from the others. It is noteworthy that line RVTD-08 has appropriate phenotypic characteristics as a parent in future programs for breeding of industrial tomato, particularly when targeting high-yielding and heterotic hybrids.
Group II consisted of the nine other lines used in this study. Some lines are noteworthy, e.g., RVTD-07 with high fruit yield of the Italian type, with clear red color and excellent thick mesocarp (8.97 mm), ensuring FF during transport from the field to the processing unit. Fruit ripening of RVTD-07 is concentrated, and harvesting begins 115 days after sowing. Another interesting parent is RVTD-10, which has a high total content of soluble solids (4.70 °Brix) in the thick fruit mesocarp (8.22 mm) and Italian-type fruit. RVTD-01 has orange-colored fruits. This is a serious issue because the tomato market demands fruits with an extremely red color for processing, due to the higher lycopene content in these fruits. However, it is worth noting that the high mean fruit weight of this line (80.79 g/fruit) and its high mesocarp thickness (8.47 mm) ensures excellent firmness during storage and transport.
Morphological and molecular markers
The greater the genetic divergence between both parents, the greater the chance that the hybrid is heterotic and high-yielding, and its descendants have wide genetic variability, enabling the selection of superior transgressive genotypes, essential for plant breeding (Gonçalves et al., 2008; Mulge et al., 2012) . The Pearson and Spearman correlation coefficients of the present study, which was significant (P ≤ 0.05) and positive, between the genetic dissimilarity of the tomato lines and the mean of their respective hybrids for the variables TY and PY, are in line with these previous studies, indicating that hybrids with highest TY and PY resulted from a combination of the most divergent lines by ISSR loci (Table 4) . Thus, the results of this study validate ISSR molecular markers as an important tool in predicting the best hybrids of industrial tomato with regard to TY and PY, guiding the breeder to the combination of lines that can produce the most promising hybrids, with time and cost savings.
Most previous studies on ISSR markers address genetic diversity and germplasm characterization (Morales et al., 2011a; Aguilera et al., 2011) , with a focus on the genetic distance between any two genotypes, suggesting the possibility of successful breeding. However, few studies focus on the genetic dissimilarity with ISSR markers to estimate relevant biometric parameters for plant breeding. Shapturenko et al. (2014) used nine ISSR primers for 23 chili accessions and achieved 28% polymorphism in 56 amplified bands. Based on genetic distances, the 10 most divergent parents were selected and intercrossed with each other and the hybrids evaluated for heterosis and mean fruit yield. These authors found a strong correlation between the ISSR marker-based genetic distance and the observed heterosis in the hybrids derived from the cross of the most divergent parents, corroborating the results obtained in the present study. Thus, the above results suggest that ISSR molecular markers can be used effectively in predicting crosses in crops in which hybrid exploitation is feasible, orienting breeders to perform only the most promising crosses.
To prove the results of the correlations (Table 4) , the hybrid combination RVTD 08-x-09 RVTD can serve as an example, which had both the highest estimate of heterosis (exceeding the parental mean by 85.20%) and the highest mean fruit yield of the experiment (84.37 t/ha). The pronounced high yield and heterosis are explained by the specific combining ability between lines RVTD-08 and RVTD-09, indicating that one line was able to correct and/or complement defects of the other at the loci involved in the control of fruit yield, in which the predominant gene action is non-additive. On the other hand, the least divergent hybrid combination by ISSR markers, derived from the parents RVTD-06 and RVTD-10 had a relatively low overall fruit yield (47.03 t/ha), below the mean yield of some lines of the experiment, low heterosis (only 7.75% above the parent mean), and negative specific combining ability (-9.38 t/ha). This indicates that the lines most often share the same alleles involved in the control of TY, preventing the lines from complementing each other perfectly.
The results of this study indicate that ISSR molecular markers are effective in identifying contrasting parents for hybrid production in tomato. Parent RVTD-08 was the most divergent in this study, indicated both by molecular and morphological markers, positively contributing to increased heterosis and specific combining ability in the crosses in which it participated as parent. The genetic dissimilarity estimated by molecular markers ISSR was useful to identify the best hybrid of the experiment with regard to total fruit yield, pulp yield, and soluble solids content.
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